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T cell differentiation in the thymus depends on sequential interactions between lymphoid progenitors
and stromal cells in discrete regions of the cortex. Here, we show that despite aEb7 expression by a
subset of the earliest intrathymic precursors (and E-cadherin expression by thymic stroma), interaction
of these elements is not required for proper localization of early progenitors into the cortex, or for
successful steady state differentiation. These ﬁndings indicate that despite in vitro data demonstrating
aEb7 mediated adhesion and proliferation of intrathymic T cell precursor populations, T lymphocyte
development can proceed independently of aEb7/E-cadherin interactions.
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INTRODUCTION
Like all cells of hematopoietic origin, T lymphocytes must
begenerated throughout life to replace losses from cellular
senescence, trauma, and, in the case of lymphocytes,
antigen-driven clonal expansion. During intrathymic
residence, multilineage progenitors are induced to
undergo a series of differentiative and proliferative events
that produce mature T cells. The thymic microenviron-
ment plays a key role in this process, by providing
uncommitted progenitors with the signals that induce
progressive phases of lineage commitment, proliferative
expansion and functional maturity (Anderson et al., 1996).
Crucial elements of this microenvironment are a complex
extracellular matrix and a heterogeneous array of thymic
epithelial cells (TEC) (Owen et al., 1999; Anderson et al.,
2000; Savino et al., 2000; Kutlesa et al., 2002). T cell
differentiation in the postnatal thymus is intimately linked
to migration into and between tissue regions that induce
and support various elements of the differentiation process
(Petrie, 2003). Although it is widely accepted that stromal
cells of the thymic microenvironment including TEC play
a pivotal role in thymocyte development, the molecular
nature of these interactions is not fully understood.
A number of requirements are implicit in the directional
migration of cells within a tissue. These include adhesive
interactions between migrating cells and a stable matrix as
well as signals that induce directional guidance, promote
and limit proliferation and promote differentiation.
We have recently shown that the adhesive requirements
include a4 integrin-mediated adhesion to a matrix
consisting of VCAM-1
þ stromal cells (Prockop et al.,
2002) and have demonstrated a non-redundant role for
CXCR4/CCL12 interactions in directing cortical entry of
early T cell precursor populations (Plotkin et al., 2003).
In this paper, we address the role of another lympho-
stromal interaction, between aEb7 and E-cadherin, during
differentiation in the postnatal thymus.
Several lines of evidence point to a potential role for
aEb7 and E-cadherin interactions in intrathymic T cell
development. Cadherins are members of a family of cell
adhesion molecules that mediate homotypic interactions
critical in embryonic development and in the maintenance
of tissue architecture (Kemler, 1992; Angst et al., 2001).
Speciﬁcally, E-cadherin is known to transmit signals that
are important in regulating epithelial cell functions
(Kandikonda et al., 1996; Takahashi and Suzuki, 1996;
Jankowski et al., 1997). E-cadherin is expressed on TEC,
most prominently in the medulla but also in the cortex and
in the subcapsular region (Lee et al., 1994). In the human
thymus, staining for E-cadherin colocalizes with staining
for the medullary TEC marker, TE4 (Kutlesa et al., 2002).
These homotypic E-cadherin interactions have been
shown to be critical for thymic organogenesis and early
thymocyte development in FTOC (Mu ¨ller et al., 1997).
It should be noted that the migratory requirements for fetal
and postnatal progenitors cannot be assumed to be the
same, since fetal progenitors do not enter the thymus
through blood vessels at the CMJ nor do they
migrate outward across the cortex during differentiation
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Clinical & Developmental Immunology, June 2004, Vol. 11 (2), pp. 135–141(Suniara et al., 2000). In addition, the existence of intact
E-cadherin–catenin complexes in the thymus suggests
direct functional interactions in TEC (Pan et al., 1998).
E-Cadherin cannot be detected by ﬂow cytometry on adult
thymocytes (Lee et al., 1994), indicating the potential for
other molecules that mediate compensatory functions.
In addition to classic homotypic interactions,
E-cadherin undergoes heterophilic interactions as the
functional counter-receptor for the integrin aEb7 (Cepek
et al., 1994; Higgins et al., 1998; Corps et al., 2001),
which is expressed by thymocytes (Lefrancois et al., 1994;
Andrew et al., 1996). E-cadherin is the only known
binding partner for aEb7, and b7 is the only binding
partner for aE. In both mouse and human, aEb7 is
expressedby early Tcellprecursors negative for both CD4
and CD8 (DNs) and by a population of medullary CD8
single positive (SP) cells. The expression of aEb7 on T
cell precursors and E-cadherin on thymic stroma has been
taken as indirect evidence that this receptor-counter
receptor pair may participate in thymocyte-thymic stromal
cell interactions in the postnatal thymus (Andrew et al.,
1996).
Functionally, adhesion of human DN and CD8
þ SPs to
isolated TECs can be inhibited by antibody to either
E-cadherin or aE integrin (Kutlesa et al., 2002). In this
system, signaling through the aEb7 receptor was also
demonstrated by proliferation of CD8
þ SP cells and by the
inhibition of proliferation in the presence of blocking
antibody. Additional evidence that aEb7 may function to
modulate the response of T lymphocytes to stimulation by
epithelial cells is that it is expressed by intraepithelial T
lymphocytes of the skin and gut where it is important in
localization of T cells within the intestinal epithelium
(Andrew et al., 1996; Schon et al., 1999; Agace et al.,
2000; Pauls et al., 2001). Integrin aE deﬁcient mice have
been generated and demonstrate the non-redundant role of
aEb7/E-cadherin interactions in the localization of
mucosal T lymphocytes (Schon et al., 1999). In addition,
they have reduced numbers of T lymphocytes in intestinal
and vaginal epithelia and develop hyperproliferative
inﬂammatory skin alterations (Schon et al., 2000). This
demonstrates that aEb7 contributes to epidermal locali-
zation of T cells. However, the intrathymic development
of T cells in the aE deﬁcient mouse has not been formally
examined.
We have characterized the expression of aEb7 in T
precursor subsets. Functional analyses, including differen-
tiation potential and proliferation studies, were performed
to determine the role of aEb7 and its ligand E-cadherin
during postnatal thymocyte development. A competitive
in vivo model such as ours with a minority population of
mutant precursors has the potential to demonstrate even a
minor defect in T cell development. Surprisingly, we ﬁnd
no absolute requirement for the aEb7/E-cadherin axis in
the steady state interactions that T cell progenitors
undergo with thymic stroma in the postnatal thymus. Our
ﬁndings implicate the presence of a compensatory
mechanism for these lymphostromal interactions.
MATERIALS AND METHODS
Animals
C57BL/6J (CD45.2) and congenic B6/Ly5.2/Cr (CD45.1)
mice were purchased from the National Cancer Institute
(Frederick, MD, USA). a
2=2
E mice backcrossed for 10
generations to C57Bl/6 mice were generously provided by
C Parker and obtained from Charles River Laboratories.
They were subsequently bred at MSKCC. Typing and
conﬁrming the presence of C57BL/6 polymorphisms at
14cM 50 and 10cM 30 to the Itgae locus was performed as
described (Bry and Brenner, 2004). The mice were rested
for at least 1 week after weaning before use. All mice were
housed under pathogen-free conditions in accordance with
the procedures outlined in NIH Publication No. 86-23.
All experiments involving animals were approved by the
Institutional Animal Care and Use Committee of MSKCC.
Cells
Bone marrow was recovered by ﬂushing cells from femurs
and tibias, followed by ﬁltration through mesh. Red blood
cells were lysed using 0.15M NH4Cl/1mM KHCO3/
0.1mM EDTA. Single cell suspensions of thymocytes were
prepared by gentle dissociation through wire mesh.
Microarray Screening
Microarray results were generated as previously described
(Plotkin et al., 2003). Brieﬂy, RNA was extracted from
puriﬁed progenitor populations, labeled and hybridized to
the Affymetrix U74A gene chip. For comparison of
expression levels between progenitor populations
(i.e. between arrays), the mean expression level for all
genes characterized as present (i.e. where Wilcoxon rank
differences between matched and mismatched probe sets
had a null hypothesis signiﬁcance of p , 0:04) was taken.
This global mean was then scaled up or down, as
appropriate, to an arbitrary value of 500, and all individual
gene expression values from that array were adjusted
proportionally.
Flow Cytometric Analyses
All cell suspensions were stained and analyzed at 48Ci n
mouse-tonicityHanks’balancedsaltsolutioncontaining5%
FBS and 0.5%DNase (buffer). Samplesofcellspreparedas
describedabovewerewashedwithbufferandincubatedwith
optimalconcentrationsofmonoclonalantibodies.Exceptas
indicated, all antibodies were prepared, puriﬁed and
conjugated on site at MSKCC. Conjugation of antibodies
to Alexa dyes was performed as recommended by the
manufacturer(MolecularProbes,Eugene,OR).Blockingof
non-speciﬁc binding was performed with puriﬁed Rat IgG
and anti-Fc receptor (clone 2.4G2). DN cells from non-
chimeric mice were prepared by depletion of lineage
þ cells
by staining with a cocktail of antibodies (CD3, CD4, CD8,
CD19,Gr1,Mac-1andTer119)followedbydensityparticle
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Technologies, Vancouver, BC). Subsequent staining was
performed with Alexa488-conjugated anti-aE( c l o n e2 E 7 ) ,
PE-conjugated anti-CD24 (clone M1/69, BD Pharmingen),
Alexa633-conjugated anti-CD44 and Alexa660-conjugated
anti-CD25. Some samples were additionally stained with
biotin labeled anti-ckit (clone ACK-2) and streptavidin
PE-Texas Red.
Construction and Analysis of Stable Bone Marrow
Chimeras
Donor bone marrow was prepared by ﬂushing marrow from
tibiasandﬁbulasofa
2=2
E (Ly5.2/CD45.2)mice,followedby
hypotonic lysis of RBC. Recipients for marrow transplan-
tation were sex-matched Ly5.1 (CD45.1) congenic mice.
Recipient mice received 6Gy of gamma irradiation 20h
before transplantation. Irradiated recipients received
3 £ 10
7 donor cells in total, which were a mixture of
mutantCD45.2donormarrowcellstogetherwithsyngeneic
(CD45.1) marrow. After 5–7 weeks, chimeric mice were
sacriﬁced, and hematopoietic tissues were harvested
(thymus, bone marrow, blood, spleen). Similar chimeras
wereconstructedusingwildtype(Ly5.2)donormarrow.For
analysis of CD4/CD8 phenotype of donor and recipient
thymocytes, single-cell suspensions were stained with
Alexa488 conjugated either to CD45.2 or CD45.1, Thy1.2
PE, CD4 APC and Alexa660-conjugated CD8. For analysis
of progenitor thymocyte stages, suspensions were ﬁrst
stained with the cocktail of lineage antibodies described
above, followed by PE-Texas Red-conjugated anti-rat IgG,
blocking was performed as above with rat IgG and 2.4G2.
Following this, cells were stained with the CD45 antibodies
describedaboveaswellasThy1.2PE,Alexa633-conjugated
CD44 and alexa660-conjugated CD25. In all cases, DAPI
(40,6-diamidino-2-phenylindoledihydrochloride,Molecular
Probes) was used at 0.1ug/ml for dead cell exclusion;
DoubletswereeliminatedbyFSCpulseprocessing.Samples
were acquired on an LSR cytometer (BD Biosciences, San
Jose, CA) with modiﬁcations as described (Gordon et al.,
2003). Post-acquisition analysis was performed using
FlowJo software (Tree Star Inc., San Carlos, CA).
Cell Cycle Analysis
Fixation of stained cells for cell cycle analysis was
performed as previously described with DAPI (40,6-
diamidino-2-phenylindole dihydrochloride, Molecular
Probes) at 10mg/ml (Gordon et al., 2003). Cell cycle
statistics were generated using the Dean–Jett–Fox
algorithm in the FlowJo cell cycle platform.
RESULTS
Expression of aE by Thymic Progenitors
To identify adhesion molecules that might facilitate cell
migration and lymphostromal interactions of early
progenitors in the post-natal thymus, a number of
approaches have been used. In one high throughput
method, gene expression analysis was performed using
high-density Affymetrix microarrays. RNA template was
extracted from deﬁned progenitor stages: these were DN1
(CD3
24
28
225
244
hi), DN2 (CD3
24
28
225
þ44
hi), DN3
(CD3
24
28
225
þ44
lo) and pre-DP(CD3
lo4
lo8
lo2544
lo), and
hybridized to the chip. Various methods were used to
determine gene expression relative to a global mean of all
genes on the chip (set arbitrarily to 500; see “Methods”
section). One of the candidates that emerged was aE,
which pairs with b7 to form a heterodimeric protein that
recognizes E-cadherin as a ligand (Cepek et al., 1994;
Karecla et al., 1995). Expression was nearly undetectable
in DN2, DN3 or preDP precursors, but was expressed at
high levels on DN1 cells (Fig. 1). b7 integrin was more
broadly expressed, but unlike aE, b7 can form
heterodimeric complexes with other integrin chains,
including a4, which is also expressed on DN progenitors
(Mojcik et al., 1995; Dalmau et al., 1999; Prockop et al.,
2002). The limited expression of aE to the DN1 stage,
together with broad expression of b7, suggests that
DN1 thymocytes are the only early progenitors with
FIGURE 1 Progenitor cells in the thymus express aE integrin.
Microarray expression screening was performed on sorted DN subsets.
Since b7 expression is present in all DN subsets the possibility of aEb7
heterodimers is dictated by expression of aE. aE is only detectable above
baseline in the earliest population of intrathymic T cell precursors. Also
shown are relative expression levels of two control genes, CD25 and
RAG-1. As expected, these demonstrate highest expression level in DN2
and DN3, respectively. Relative expression levels were calculated by
normalizing the mean global expression level for all 12,000-probe sets on
the chip to an arbitrary value (in this case, 500).
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stromal cells expressing E-cadherin.
Surface Expression of aE by Subsets of Thymic
Progenitors
RNA expression data does not necessarily imply surface
expression of intact molecules. To conﬁrm expression at
the cell surface, aE integrin staining was performed by
ﬂow cytometry using a ﬂuorochrome-conjugated antibody
(Fig. 2). On early progenitors, aE staining was restricted to
DN1 cells, consistent with microarray data. In addition, a
substantial population of CD8 SP cells expressing aE was
found, consistent with previously published ﬁndings.
Together, these ﬁndings substantiated the possibility that
aEb7 integrin might be used to constrain interactions
between DN cells and stromal cells expressing the
E-cadherin ligand. In particular, the fact that aEb7 was
expressed only on the least mature and the most mature
cells in the thymus raised the possibility that this adhesion
molecule might function in the import and/or export of
cells to and/or from the thymus (Lind et al., 2001).
Stable Bone Marrow Chimeras Demonstrate that aE
Provides no Competitive Advantage to Developing
Thymic Progenitors
Although progenitor thymocytes are capable of inter-
acting with E-cadherin expressing TECs in vitro,
we wanted to determine whether these interactions
occurred in vivo. Therefore, we sought to conﬁrm the role
of aEb7 interactions in the developmental progression of
intrathymic progenitors, using stable bone marrow
chimeras constructed from donor marrow from aE
deﬁcient ða
2=2
E Þ mice or control littermate wild type
mice transplanted into sublethally irradiated, wild type,
CD45.1-congenic recipients. After return to the steady
state (5–7 weeks), thymuses from chimeric animals were
removed, and the two lobes were separated. One lobe was
used immediately for phenotypic analysis by ﬂow
cytometry, and the other was frozen for subsequent
histology; in this way, developmental stage could be
directly correlated with localization in a single chimeric
organ.
Figure 3 shows the results from ﬁve mutant chimeras,
and three control chimeras. The percent chimerism in
thymus, marrow and blood is shown for those constructed
from a
2=2
E marrow. In all, the degree of chimerism was
proportional to the amount of a
2=2
E marrow used as
original donor marrow. Within the thymus both mutant
and wild type marrow resulted in DN, DP, and mature cells
of donor origin in normal proportions (Fig. 3) and, other
than the Ly5 congenic marker, were essentially indis-
tinguishable from cells of recipient origin. Further
characterization of the DN progeny of transplanted donors
showed that aE integrin deﬁciency resulted in no defect in
early thymocyte development. When localization studies
FIGURE 2 Progenitor cells in the thymus stain for cell surface aE integrin. Wild type thymocytes stained for CD4 and CD8 and aE (a). Histograms of
aE staining are gated on events from each quadrant (b) demonstrating a small population of aE positive CD4 SP cells, and a large population of aE
positive CD8 SP cells. Doublenegative thymocytes were prepared and stained with aE, CD24,CD44 and CD25 (c). Histogramsof aE staining are shown
for each DN population (d). Additional experiments performed with aE, CD24, c-kit, CD44 and CD25 were used to obtain percentages of c-kit positive
DN1 progenitors expressing aE. Expression of aE is demonstrated in the DN1 population where 37% of all cells, and 67% of c-kit positive cells are also
positive for aE.
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donors were found throughout the thymus (data not
shown), consistent with the presence of cells at all
developmental stages.
aE Expression Confers no Advantage in Proliferative
Capacity
Adhesion is a prerequisite event for normal cell
proliferation, especially that mediated by integrins (Lind
et al., 2001). In chimeric mice, there was no difference
between wild type and a
2=2
E progenitors in cell cycle
distributions at any stage (Fig. 4). These results indicate
that in the absence of aE adhesion and signaling,
progenitors recruited from the blood move efﬁciently
into the cortex, proliferate and differentiate and sub-
sequently move into the medulla where they differentiate
further. Together, our ﬁndings show that despite being
present on a discrete subset of early intrathymic
progenitors, in addition to some more mature SP cells,
aEb7-mediated signaling is not required for mediating
cortical localization of progenitors homing to the thymus
FIGURE 3 Stable hematopoietic chimeras generated from a
2=2
E bone marrow demonstrate normal competition by a
2=2
E precursors. Staining of
chimeric thymus and marrow for a
2=2
E cells (Ly5.2) and recipient wild type cells (Ly5.1) is shown. Peripheral blood was additionally stained for and
gated on Gr1 as a marker of chimerism in the stem cell compartment (a). Precursors derived from a
2=2
E (Ly5.2) and wild type (Ly5.1) bone marrow
contribute proportionately to hematopoiesis demonstrating the ability of aEb
2=2
7 T lymphocyte precursors to compete with wild type. Staining of a
2=2
E
and wild type chimeric thymuses for Ly5.2, Thy 1.2, CD4 and CD8 is shown gated on Ly5
þ/Thy
þ events (b) CD4 and CD8 proﬁles from the donor
compartments ofa
2=2
E andwild typechimerasare normaland indistinguishablefrom each other.Doublenegativeproﬁlesgeneratedby gating onlineage
negative, Ly5/Thy events from a
2=2
E chimeras and wild type chimeras (c) are also indistinguishable from each other.
FIGURE 4 Precursors derived from a
2=2
E and wild type marrow
demonstrate the same proliferative status. aE and wild type intrathymic
precursors were stained with Ly5.2, Thy1.2, CD4 and CD8. After ﬁxation
and DAPI staining, cell cycle data was collected for a
2=2
E and wild type
precursors. Gating on Thy1
þ, Ly5.2
þ (a
2=2
E donor) or Thy
þ/Ly5.2
2
(wild type recipient) allowed analysis of mutant and wild type cell cycle
status shown as DAPI histograms for DN and DP populations.
FUNCTIONAL ASSESSMENT OF aEb7 139from the blood or for the success of steady state T cell
differentiation.
DISCUSSION
There is increasing evidence that integrins play a pivotal
role in regulating T cell maturation (Mojcik et al., 1995;
Andrew et al., 1996; Salomon et al., 1997; Vivinus-Nebot
et al., 1999; Savino et al., 2000; Schwartz and Assoian,
2001). Integrins primarily interact with extracellular
matrix molecules but also with cellular adhesion
molecules like VCAM-1 and E-cadherin. The expression
pattern of integrin ligands in the thymus as well as the
integrin expression on thymocytes seems to be ﬁnely
tuned, being responsible for their inﬂuence at deﬁned
stages of T cell maturation (Schmeissner et al., 2001;
Prockop et al., 2002). Developing T cells have to undergo
various cycles of proliferation, migration, adhesion and
arrest during their differentiation process. Therefore,
molecular interactions that coordinate adhesion with
proliferation are potentially of high signiﬁcance for T cell
development.
As reviewed in the introduction, a role for aEb7/
E-cadherin interactions within the thymus has been
indicated by several earlier studies. However, the role of
aEb7 in the critical lymphostromal interactions that occur
during steady state differentiation has not been character-
ized. The results presented here document stage speciﬁc
expression of aEb7 by immature lymphoid precursors in
the thymus. However, in contrast to the demonstrated
role for homotypic E-cadherin interactions during fetal
thymic development, the results here clearly demonstrate
that there is no requirement in steady state postnatal
thymic lymphopoiesis for aEb7/E-cadherin interactions
between T cell precursors and thymic stroma. The fact
that this is demonstrated in the face of competition from
aEb7 expressing wild type precursors is especially
convincing.
It is important to note that the approach described in this
paper has been successfully used to demonstrate other
mechanisms participating in intrathymic stages of T cell
development. We have recently demonstrated that
expression of CXCR4 by newly entering progenitors and
the presence of CXCL12 throughout the thymic cortex
may be sufﬁcient to facilitate the directional migration of
early progenitors across the cortex to the capsule.
Experiments are now underway to determine the relative
roles of other lymphostromal interactions in the
transcortical migration process. Nonetheless, it is clear
that the aEb7/E-cadherin axis is not critical for these
events in the postnatal thymus.
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